Introduction {#S1}
============

Cervical discogenic pain (CDP) is a clinically common pain syndrome caused by cervical disk degeneration which results in chronic pain in the head, neck, shoulder and upper limbs, as well as pain associated with numbness ([@B39]; [@B38]). Long-term chronic pain seriously affects patients' physical and mental health and quality of life. The clinical studies have demonstrated that patients with long-term duration chronic pain led to brain functional impairments of sensory, motor, cognition, memory, and affective processing ([@B28]; [@B25]; [@B5]). Although a few studies have reported functional connectivity and local regional homogeneity abnormalities in CDP patients using resting-state functional magnetic resonance imaging (fMRI) ([@B57]; [@B52]), the dynamic changes of the low-frequency oscillation in CDP is remains unknown.

Resting-state fMRI is commonly used to measure the spontaneous low-frequency fluctuations of brain activities with blood oxygen level-dependent (BOLD) signals ([@B3]; [@B12]). A large number of previous studies applied resting-state fMRI to reveal the intrinsic functional organization of brain in healthy subjects and to identify the changes of the intrinsic functional connectivities under diseases ([@B16]; [@B11]; [@B49], [@B44]; [@B34]; [@B54]; [@B14]). Moreover, many recent studies have applied resting-state fMRI to reveal the brain mechanism of neuromodulation treatment for clinical disorders ([@B30]; [@B27]; [@B42],[@B43],[@B44], [@B45]; [@B48]; [@B1], [@B2]). The amplitude of low frequency fluctuations (ALFF) is a main measurement to characterize the functional activity during resting-sate ([@B58]). Combining the ALFF with sliding-window approach, the dynamic ALFF (dALFF) method was proposed to measure the variance of ALFF over time ([@B13]). The dALFF provides a new avenue to depict time-varying local brain activity. Generally, the static ALFF was calculated by taking all the time points' series as a whole for power analyses, whereas the dALFF was calculated by dividing the whole time series into different small segmentations for power analysis. Therefore, using static and dynamic ALFF may provide a complementary evidence to uncover the brain functional changes in patients with CDP.

In this study, we aimed to identify the brain functional abnormalities caused by CDP using static and dynamic ALFF method in 40 CDP patients and 40 age- and gender-matched healthy controls. We hypothesized that the static and dynamic could reveal different but overlapped brain areas showing functional abnormalities. The voxel-wise static and dynamic ALFF maps were calculated and compared between CDP patients and healthy controls. The correlation analyses were performed to identify the relationships between ALFF measurements and clinical characteristics.

Materials and Methods {#S2}
=====================

Participants {#S2.SS1}
------------

Forty right-handed CDP patients (22 females and 18 males; mean age: 53.6 ± 6.9 years) and 40 gender- and age-matched healthy controls (22 females and 18 males; mean age: 52.8 ± 7.6 years) were used in current study. All the CDP patients were diagnosed by one orthopedist with physical and imaging examination. A main characteristic for CDP is that the damaged disk showed reduced weighted T2 signals compared to the neighboring normal disk. The patients with cervical disk herniation, disk degeneration and stenosis, and cervical spondylosis were excluded. Moreover, only the pain caused by the internal disorder of the intervertebral disk not by radiation pain or segmental nerve disorder was considered to be CDP. The CDP patients with hypertension, diabetes, mental illness, intracranial infection, craniocerebral trauma, MRI contraindication, and a history of chronic pain were excluded. Forty right-handed healthy controls were recruited from the community and not have any hypertension, diabetes, mental illness, intracranial infection, craniocerebral trauma, and a history of chronic pain. The clinical measures were obtained to assess the pain intensity, cognitive functions and emotional states. The visual analog scale (VAS) test was used to assess the pain intensity. The Montreal cognitive assessment scale (MoCA) was used to evaluate the cognitive ability. The Hamilton depression scale (HAMD) and Hamilton anxiety scale (HAMA) were applied to determine their depression and anxiety levels, respectively. The written informed consents were provided and obtained from all subjects. The study was approved by the Ethics Committee of the Affiliated Xi'an Central Hospital of Xi'an Jiaotong University and was accordance with the Helsinki declaration and its later amendments or comparable ethical standards.

Resting-State fMRI Data Acquisition {#S2.SS2}
-----------------------------------

The resting-state fMRI data was collected using a Philips 3.0T MRI scanner. All the subjects were asked not to move as much as possible and to keep their eyes closed without falling asleep. Foam pads and headphones were used to reduce head movement and scanner noise. The resting-state fMRI data was collected using echo plane imaging (EPI) with the following parameters: repetition time/echo time ratio = 2000/30 ms, flip angle = 90°, acquisition matrix size = 64 × 64, field of view = 230 × 230, the voxel size = 3.6 mm × 3.6 mm × 3.6 mm, 38 slices with 0.6 mm gap, 240 volumes.

Resting-State fMRI Data Preprocessing {#S2.SS3}
-------------------------------------

The resting-state fMRI data was preprocessed using the toolkit of DPARSF version 2.3.^[1](#footnote1){ref-type="fn"}^ The first 10 volumes were discarded to facilitate magnetization equilibrium effects and were realigned to the first volume to correct head motion. Then, the fMRI images were normalized to EPI template and resampled to 3 mm^3^ isotropic voxels. Friston 24-parameter of head motion, white matter, cerebrospinal fluid, and whole brain mean signals were regressed out and the fMRI images were filtered a frequency band of 0.01--0.08 Hz. Finally, the voxel-wise static ALFF and dynamic ALFF were calculated.

Static and Dynamic ALFF Calculation {#S2.SS4}
-----------------------------------

The ALFF was mainly used to characterize the resting-state functional activity of each brain voxel ([@B60]). To calculate the static ALFF, the time series of each voxel was first transformed to frequency domain for power spectrum calculation. ALFF is computed at the power within the low-frequency range (0.01--0.1 Hz). The dynamic ALFF was calculated using a sliding window method. For dynamic ALFF calculation, the length of sliding window is absence of a standard criterion. To exclude the spurious fluctuations, many previous studies have demonstrated the minimum window length should be larger than 1/*f*~min~, where *f*~min~ is the minimum frequency of time series ([@B22]; [@B9]; [@B23]). Thus, a window length of 50 TR (100 s) with step size of 5 TR (10 s) as the optimal parameter was applied in this study to keep the balance between capturing a reliable dynamics and to obtain steady correlations between regions for dynamic ALFF calculation. In each window, the ALFF map was computed, and the variance of the ALFF maps across all the windows was used to measure the dynamic. Finally, the static and dynamic ALFF maps were normalized to z-scores and smoothed with 6 mm Gaussian kernel for statistical analyses.

Statistical and Correlation Analyses {#S2.SS5}
------------------------------------

Two-sample *t*-tests with MoCA, HAMD, and HAMA as covariates were performed to compare the static and dynamic ALFF maps between healthy controls and CDP patients. The significance was determined using a Gaussian random field (GRF) correction method with *p* \< 0.05.

To explore the relationship between the static and dynamic ALFF values and clinical measurements, correlation analyses were performed between the regional mean static and dynamic ALFF values and VAS, MoCA, HAMD, and HAMA scores in CDP patients. The significance was set at *p* \< 0.05 with Bonferroni correction.

Results {#S3}
=======

Clinical Characteristics {#S3.SS1}
------------------------

There were no significant differences in age (*p* = 0.15) between CDP patients and healthy controls ([Table 1](#T1){ref-type="table"}). There were significantly decreased MoCA and increased HAMD, HAMA scores in CDP patients compared to healthy controls ([Table 1](#T1){ref-type="table"}).

###### 

Demographics characteristics of cervical discogenic pain (CDP) and healthy controls (HC).

  **Characteristic**       **CDP**       **HC**         ***p*-value**
  ------------------------ ------------- -------------- ---------------
  Sample size (F/M)        40 (22/18)    40 (22/18)     NS
  Age (Mean ± SD years)    53.6 ± 6.9    52.8 ± 7.6     0.78
  VAS                      6.73 ± 1.65                  NA
  MoCA                     17.03 ±1.83   26.38 ± 3.67   \<0.001
  HAMD                     4.94 ± 3.95   0.91 ± 0.73    \<0.001
  HAMA                     5.27 ± 3.78   0.77 ± 0.59    \<0.001
  Duration of pain, year   3.25 ± 1.46                  NA

F, female; M, male; VAS, visual analog scale; MoCA, Montreal Cognitive Assessment; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Scale; NS, not significant; NA, not available.

Changed Static ALFF {#S3.SS2}
-------------------

Static ALFF analyses identified increased ALFF in the left insula (INS) and the left precuneus (PCu), and decreased ALFF in left precentral/postcentral gyrus (PreCG/PoCG), thalamus (THA), and subgenual anterior cingulate cortex (sgACC) in CDP patients compared to healthy controls ([Table 2](#T2){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}).

###### 

Regions with changed static and dynamic ALFF in CDP patients.

  **Indices**     **Brain Regions**                     **L/R**   **Peak MNI Coordinates**   ***t-*values**         
  --------------- ------------------------------------- --------- -------------------------- ---------------- ----- ------
  Static ALFF:    Anterior insula                       L         −36                        24               −3    7.2
                  Precuneus                             L         −18                        −72              39    6.0
                  Subgenual anterior cingulate cortex   L         −6                         30               −18   −5.3
                  Thalamus                              L         −6                         −18              6     −7.6
                  Precentral/postcentral gyrus          L         −42                        −9               45    −5.9
  dynamic ALFF:   Posterior middle temporal gyrus       R         54                         −54              −3    −7.5
                  Thalamus                              L         −12                        3                3     −6.0
                  Precentral/postcentral gyrus          L         −48                        −9               33    −5.6

CDP, cervical discogenic pain; MNI, Montreal Neurological Institute; ALFF, amplitude of low frequency fluctuations; L, left hemisphere; R, right hemisphere.

![Changed static ALFF in CDP patients. A two-sample *t*-test was used to compare the static ALFF maps between CDP patients and healthy controls. Significantly increased static ALFF in left anterior insula and left posterior precuneus were found in CDP patients. Moreover, significant reeducations of static ALFF in left precentral/postcentral gyrus, subgenual anterior cingulate cortex, and thalamus were found in CDP patients.](fnins-14-00733-g001){#F1}

Changed Dynamic ALFF {#S3.SS3}
--------------------

Using dynamic ALFF analysis, we found decreased dynamic ALFF in the left PreCG/PoCG, the right posterior middle temporal gyrus (MTG), and the bilateral THA in CDP patients compared to healthy controls ([Table 2](#T2){ref-type="table"} and [Figure 2](#F2){ref-type="fig"}).

![Changed dynamic ALFF in CDP patients. A two-sample *t*-test was used to compare the dynamic ALFF maps between CDP patients and healthy controls. Significantly decreased dynamic ALFF in left precentral/postcentral gyrus, right posterior middle temporal gyrus, and bilateral thalamus were found in CDP patients.](fnins-14-00733-g002){#F2}

Correlation Analyses {#S3.SS4}
--------------------

Correlation analyses identified negative correlations between static ALFF in left PreCG/PoCG and VAS scores (*r* = −0.417, *p* = 0.0074), and between dynamic ALFF in left THA and disease duration (*r* = −0.494, *p* = 0.0012) in CDP patients ([Figure 3](#F3){ref-type="fig"}).

![Correlation analyses between static, dynamic ALFF and clinical characteristics. Significant correlations were found between the static ALFF in left precentral/postcentral gyrus and VAS scores and between the dynamic ALFF in left thalamus and disease duration in CDP patients.](fnins-14-00733-g003){#F3}

Discussion {#S4}
==========

In this study, we identified changed static and dynamic ALFF in insula, precentral/postcentral gyrus, precuneus, posterior middle temporal gyrus, and bilateral thalamus in CDP patients. Moreover, the static ALFF in precentral/postcentral gyrus and dynamic ALFF in thalamus were negatively correlated with VAS scores and duration of disease, respectively. Our findings revealed dynamic changes of brain functional activities in CDP patients which provide the neurophysiological basis for CDP.

We found increased static ALFF in left insula and precuneus in CDP patients. The insula is a heterogeneous area and is important for processing of emotion and pain perception ([@B6]; [@B37]; [@B21]). The insula is a key part of the pain matrix and trigger the pain matrix network for subjective pain experience ([@B36]; [@B18]; [@B10]). The insula is also critical for emotional processing and pain memory ([@B15]). A large number of studies have revealed the functional disruption of anterior insula in depression and pain-related diseases ([@B40]; [@B47]; [@B50], [@B45]; [@B45]). The posterior precuneus mainly participates in visual and memory processing ([@B59]; [@B41]). Thus, increased ALFF in anterior insula and posterior precuneus may be a compensatory mechanism and is related to elevated pain memory and abnormal emotion and visuospatial attention processing in CDP patients.

We also found decreased static and dynamic ALFF in sensorimotor network including precentral/postcentral gyrus and bilateral thalamus ([@B29]). This finding was supported by previous studies in cervical spondylosis and chronic knee osteoarthritis ([@B24]; [@B51]). The sensorimotor network is involved in processing changing pain intensity and participates in discrimination of the sensory components of pain perception ([@B20]; [@B31]). The pain intensity processing of SMN network was supported by our correlation analysis between the static ALFF in precentral/postcentral gyrus and VAS scores. The thalamus is a key gate for processing sensory and motor signals and is as a hub for information exchanges between different subcortical areas and the cerebral cortex ([@B17]; [@B26]; [@B35]). It is also plays an important role in regulation of consciousness ([@B33]; [@B32]). The important role of thalamus in pain processing was further supported by the correlation analysis of the dynamic ALFF and disease duration in our study. In a word, all these findings demonstrated the disrupted low frequency oscillation of SMN network may be a basic neuropathology of CDP.

Moreover, we found decreased static ALFF in left subgenual anterior cingulate cortex and decreased dynamic ALFF in right posterior MTG in CDP patients. The posterior MTG has been reported to be involved in social cognitive and language processing ([@B55], [@B54]). The disrupted functional connectivity pattern of the posterior MTG is closely associated the autism spectrum disorder ([@B56]). The sgACC is a key region for emotion, reward and decision making processing ([@B19]), and the structural abnormality has been identified in patients with chronic knee osteoarthritis pain ([@B24]). Functional impairments of sgACC has also been widely observed in depression ([@B7], [@B8]; [@B4]; [@B53]). Therefore, the decreased ALFF in the two areas may suggest the abnormal reward, emotion, and social cognition processing in CDP patients.

This study has several limitations. First, the selection of the sliding window length remains a topic of debate, and optimal length for obtaining the dynamics of brain activity is unclear. We selected 50 TR as window length on the basis of the criteria that the minimum length should be larger than 1/f min, which was proposed by previous studies ([@B22]; [@B23]). The results of different sliding window lengths were similar to the main results of 50 TR, demonstrating that our findings of dALFF variability were relatively stable. Second, given the high comorbidity of anxiety and depression, excluding individuals with depressive disorder may decrease the generalizability of our findings. More comorbid samples are required to replicate and complement our findings.

There are several limitations. First, how to select the length of sliding window is still an open problem, which is a main drawback of dynamic method. Second, all the patients took medications, which may affect the current findings. Third, the samples is still small, the future studies with a larger samples are needed.

Conclusion {#S5}
==========

Our current study revealed the static and dynamic changes of low-frequency oscillation in CDP patients. We identified increased ALFF in insula and posterior precuneus which may reflect the elevated pain memory. Moreover, we found the decreased ALFF in sensorimotor, social cognition and emotional networks indicating that chronic pain will result functional impairments in emotion, sensorimotor and social cognition. Our findings further demonstrated that combing static and dynamic analyses can provide complementary evidence for understand the neuropathology of CDP.
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